Abstract We analyzed temporal changes in site response associated with the strong ground motion of the 2004 M w 6.6 Mid-Niigata earthquake sequence in Japan. The seismic data were recorded at a site with accelerometers at the surface and a 100-m-deep borehole. We computed the empirical surface-to-borehole spectral ratios and used them to track temporal changes in the top 100 m of the crust. We observed that the peak spectral ratio decreases by 40%-60% and the peak frequency drops by 30%-70% immediately after large earthquakes. The coseismic changes are followed by apparent recoveries, with the time scale ranging from several tens to more than 100 sec. The coseismic peak frequency drop, peak spectral ratio drop, and the postseismic recovery time roughly scale with the input ground motions when the peak ground velocity is larger than ∼5 cm=sec (or the peak ground acceleration is larger than ∼100 Gal). Our results suggest that at a given site the input ground motion plays an important role in controlling both the coseismic change and the postseismic recovery in site response.
Introduction
It has been long recognized that local site conditions have significant effects on the strong ground motions generated by large earthquakes (e.g., Joyner et al., 1976; Chin and Aki, 1991; Yu et al., 1992) . These studies have illustrated that the dynamic material properties, such as the shear modulus (G) and material attenuation (ξ), control the amplitude and frequency content of ground motions. More specifically, because the seismic velocities and densities of shallow sediments are generally much lower than those of the bedrock, amplification and resonance effects would occur due to conservation of energy. When the amplitude of the incident wave exceeds a certain threshold, the sediment response does not follow the linear Hooke's law with the input ground motion, resulting in nonlinear site effects. Overall, nonlinear effects have been shown to strongly correlate with the level of ground motion (e.g., Hartzell, 1998; Su et al., 1998; Johnson et al., 2009) and local soil conditions (e.g., Beresnev and Wen, 1996; Hartzell, 1998; Tsuda et al., 2006) , and in terms of ground motion amplitude, typically manifest beyond an amplitude threshold of 100-200 Gal (Beresnev and Wen, 1996) . An improved knowledge on nonlinear site response is critical for better understanding and predicting strong ground motions.
While most previous studies have focused on direct comparisons of site response during strong and weak ground motions to infer soil nonlinearity, several recent studies have also investigated the details of the nonlinearity recovery process by means of the spectral ratio method in different regions (e.g., Pavlenko and Irikura, 2002; Sawazaki et al., 2006; Karabulut and Bouchon, 2007; Sawazaki et al., 2009; Wu et al., 2009) . A general pattern that emerged from these studies is a sharp reduction (on the order of 20%-70%) of measured peak frequencies (i.e., resonant frequencies) in the spectral ratios during the strong ground motions of the nearby large mainshock, followed by a time-dependent logarithmic recovery to the level before the mainshock. However, the speed and time scale of the postseismic recovery is quite different, including near-instant recovery (Karabulut and Bouchon, 2007) , a few to tens of minutes (Pavlenko and Irikura, 2002; Sawazaki et al., 2006) , around one day (Wu et al., 2009) , and several years (Sawazaki et al., 2006 (Sawazaki et al., , 2009 . It is still not clear whether the wide range of recovery time scales observed in these studies are mainly caused by differences in the local site conditions, choice of the reference site, employed method, or other factors. Whether the input ground motion is among the controlling parameters for the time scale or the speed of the postseismic recovery remains an open question.
A better understanding of the coseismic change and postseismic recovery in site response requires a good estimate of the input motion, and by far the best, although not perfect, source of information on the input motion came from downhole arrays. Downhole array records have provided direct in situ evidence of nonlinearity (e.g., Seed et al., 1970; Satoh et al., 2001) . They are generally more accurate than surfacerock records as the input motion to surface soil (e.g., Satoh et al., 1995; Steidl et al., 1996) , although the downgoing wave fields presented in borehole recordings could introduce some bias (Steidl et al., 1996) . In this study, we apply a spectral ratio method to the strong-motion data recorded by a pair of surface and borehole stations before, during, and after the 2004 MidNiigata earthquake sequence (Fig. 1) . The M w 6.6 mainshock was followed by a vigorous aftershock sequence with at least three ∼M w 6 events, which provides an ideal dataset to quantify the effects of the input ground motion on the degrees of nonlinearity and the recovery processes.
Data and Analysis Procedure Seismic Data
The analysis employs strong-motion data recorded by station NIGH06 in the Japanese Digital Strong-Motion Seismograph Network KiK-net operated by National Research Institute for Earth Science and Disaster Prevention (Aoi et al., Among all the eight stations within 50 km of the epicenter of the 23 October 2004 M w 6.6 Mid-Niigata earthquake, the recorded peak ground acceleration (PGA) at stations NIGH01, NIGH06, NIGH09, NIGH11, NIGH12, NIGH15, and FKSH21 is larger than 200 Gal, a common threshold for nonlinear site amplification as found from previous studies (Chin and Aki, 1991; Beresnev and Wen, 1996) . We focus on the station NIGH06 (see Fig. 1 ) for detailed analysis in this study mainly because the structure beneath the surface station is relatively simple with very low S-wave velocities, which has a larger potential for generating nonlinearity than other stations (Steidl et al., 1996; Tsuda et al., 2006) . Indeed, the observed temporal changes in peak frequencies and peak spectral ratios (maximum of the spectral ratios) at station NIGH06 are much larger than those at other stations, allowing us to better quantify the differences associated with varying ground motions.
The borehole depth (below the surface) for station NIGH06 is 100 m. The rock types between the surface and borehole stations are clay with sand at the top 4 m, organic clay from 4 to 7 m, gravel from 7 to 43 m, and sandstonemudstone from 43 to 100 m. For additional details regarding the network and site conditions see the Data and Resources section.
Analysis Procedure
The analysis procedure generally follows Sawazaki et al. (2006 Sawazaki et al. ( , 2009 and Wu et al. (2009) and is briefly described here. We use two horizontal-component accelerations recorded at the surface and borehole seismometers and generated by 235 earthquakes. These include 38 events starting 4 yrs before the Mid-Niigata mainshock and 196 events within 4 yrs after the mainshock. The magnitudes of most events (except the mainshock and some regional large events) range from 3 to 6.5, and the hypocentral depths range from 5 to 15 km (Ⓔ see the supplemental table available in the electronic edition of BSSA).
We analyze the entire seismic data using two slightly different approaches (Wu et al., 2009) . In the first approach, we use 10-sec time windows that are moved forward by 5 sec for all waveforms recorded by the surface and borehole stations. In this case all possible seismic phases, including pre-event noise, P, S, and coda waves, are analyzed together. This sliding-window-based approach is applied to the records of the Mid-Niigata mainshock and three largest aftershocks with magnitude M w > 6 to track the temporal changes immediately after the strong motion and also to all the events for the statistical analysis described later in the Results section. In the second approach we only analyze data within a 10-sec-long coda-wave window, which starts from twice the direct S-wave travel time after the origin time of each event (Sawazaki et al., 2006) . Figure 2a shows an example of the original acceleration records generated by an M 5.2 aftershock on 4 November 2004 and the coda-wave window used to compute the spectral ratio. To avoid mixing coda waves with other phases, we did not use the records in the coda-window-based analysis if there are any other events between the onset of the S wave and the end of the coda window or if S-wave phases cannot be clearly identified. The coda-window-based approach has been shown to have less scatter than the sliding-window-based analysis (Sawazaki et al., 2006; Wu et al., 2009) , and here we apply it to all the events to track possible long-term changes.
Next, we remove the mean value of the traces and apply a 5% Hanning taper to both ends. We add the power spectra of the two horizontal components and take the square root of the sum to get the amplitude of the vector sum of the two horizontal spectra. The obtained spectra are smoothed by applying the mean smoothing algorithm from the subroutine smooth in the seismic analysis code (Goldstein et al., 2003) , with a half-width of five points. The spectral ratio is obtained by taking the ratio of the horizontal spectra for surface and borehole stations. The amplitude of the spectra for both the surface and downhole recordings and the resulting spectral ratio for the aforementioned aftershock recordings are shown in Figure 2b and c.
Results
After processing all the data, we obtain 5935 spectral ratio traces for station NIGH06 from the sliding-windowbased analysis. From the coda-window-based analysis, we obtain 210 spectral ratio traces. Next, we select those spectral ratio traces from events with a PGA exceeding 20 Gal to ensure signal-to-noise ratio, and combine the spectral ratios from the sliding-window-based analysis for the Mid-Niigata mainshock and largest aftershocks with those from the codawindow-based analysis for all the other selected events (Fig. 3) . The running spectral ratios show clear decreases in peak spectral ratios and peak frequencies at the time of the mainshock and three large aftershocks, followed by a logarithmic-type recovery. In addition, the coseismic changes appear to be different for these events.
To better quantify the degree of coseismic change and the time scale of postseismic recovery, we stack the traces of NIGH06 in different time periods. We divide the selected dataset into the following periods: before the mainshock, every 0.25 in the logarithmic time after the mainshock and three largest aftershocks, and then every 0.5 in the logarithmic time for the following events. We have tested averaging the peaks using slightly different time windows, and the obtained results are similar. Logarithmic time is used instead of linear time because previous studies have always found a logarithmic recovery process for the observed temporal changes in the shallow crust (Rubinstein and Beroza, 2004; Schaff and Beroza, 2004; Rubinstein and Beroza, 2005; Li et al., 2006; Peng and Ben-Zion, 2006; Sawazaki et al., 2006; Rubinstein et al., 2007 , Sawazaki et al., 2009 Wu et al., 2009) . Next, we identify the peak spectral ratio and peak frequency of the stacked trace in each period (Fig. 4) . The obtained results again show a sudden drop of peak spectral ratio and a shift of the spectral peak to lower frequencies during each large event, followed by logarithmic recovery with a time scale of several tens to more than 100 sec. Finally, we examine the relationship between the observed temporal changes and the input ground motion by comparing the percentage of drop in peak frequency, peak spectral ratio, time scale of recovery, and recovery speed with the PGA (Fig. 5) and peak ground velocity (PGV) (Fig. 6) for each event. The PGA and PGV for each event are measured from the amplitude of the vector sum of the two horizontalcomponent ground acceleration and velocity records, respectively. The ground velocity records are obtained by integrating the original acceleration records and then applying a 1-20 Hz Butterworth band-pass filter to remove the shift in the directcurrent component. We use the averaged peak frequency and peak spectral ratio from coda-window-based spectral ratios of the 56 events before the 2004 Mid-Niigata mainshock as the reference values. We first calculate the percentage in coseismic reduction for both peak spectral ratio and peak frequency by comparing the 10-sec windows immediately after the direct S-wave arrivals with the reference values. The recovery time is identified when the values from the sliding 10-sec windows are recovered to 90% of the reference values. The apparent recovery speed is simply the ratio between the coseismic drop and the recovery time. As shown in Figures 5  and 6 , the coseismic peak frequency, peak spectral ratio drop, and the postseismic recovery times roughly scale with the input ground motion when the PGV is larger than 5 cm=sec (or PGA is larger than 100 Gal). When the input ground motion is relatively small, the measurements are scattered and do not show a clear relationship with either PGV or PGA. For the events with PGV larger than 5 cm=sec (or PGA larger than 100 Gal), we also apply a slightly different technique by applying least-squares fitting to the sliding-window measurement to obtain the recovery speed first, and then calculating the coseismic drop and recovery time from the recovery speed. We did not apply the least-squares fitting to the measurements with PGV less than 5 cm=sec (or PGA less than 100 Gal) due to a lack of enough data points below the reference values. The obtained recovery times from the least-squares fitting for events with larger input motions are slightly higher than the previous method, but the general trend with the PGV or PGA remains essentially the same. 
Discussion
The ground motion recorded at surface stations is a convolution of the source, path, and site effects. The temporal changes of the spectral ratios observed in this study could be caused by changes in the seismic source spectrum, apparent changes produced by varying source locations, and physical changes occurring during the propagation path and in shallow sediments. As shown in Figure 1 earthquake sources and stations (typically more than 10 km), the seismic sources and the propagation path are almost identical for the colocated surface and borehole stations. Hence, apparent changes from variable source locations and propagation paths are unlikely to be the main cause of the observed temporal changes.
Temporal changes of material properties within the surface soil layer induced by the strong ground motion of the large earthquakes are likely to be the main origin of the observed variations in the spectral ratios and peak frequencies. The sharp reductions in the spectral ratios and peak frequencies are usually considered as two signatures of in situ nonlinear site response during strong shaking (e.g., Field et al., 1997; Beresnev et al., 1998) , which corresponds to a reduction in soil strength and an increase in soil damping observed during earlier laboratory studies (e.g., Seed et al., 1969 Seed et al., , 1970 .
Assuming a soft soil layer over a half-space bedrock with large impedance contrast (Dobry et al., 2000) , the fundamental resonant frequency f of the soil layer can be computed by
where V S , H, G, and ρ s are the S-wave velocity, thickness, shear modulus, and density of the surface soil layer, respectively. According to the NIGH06 site profile provided by KiK-net, the top two layers are clay with sand from 0 to 4 m and organic clay from 4 to 10 m, both with very low S-wave velocities of 100-270 m=sec, as compared with the 740 m=sec below 10 m. Hence, the previous assumption is justified. In addition, the fundamental frequency observed from spectral ratios before the 2004 Mid-Niigata earthquake is ∼4:4 Hz, which agrees well with the resonance frequency (4 Hz) of the top two layers (i.e., H 10 m). Hence, we infer that the resonance effect and observed temporal variations in the peak frequencies are mainly constrained in the top 10 m of near-surface layers. Similarly, the amplification factor (AMP), impedance contrast (I), and damping ratio (ξ) follow the relation (Dobry et al., 2000) AMP 2 1=I π=2ξ :
With the assumption of large impedance contrast, the term 1=I could be ignored and equation (2) 
Finally, we compute the dynamic strain γ as (e.g., Hill et al., 1993) 
Using equations (1)- (4), we can relate the observed temporal changes in the peak frequency and peak spectral ratios to changes in the shear modulus G and the material damping ξ, as well as the dynamic strain γ.
The relationship between G=G 0 , ξ, and γ is shown in Figure 7 , where G 0 is the average shear modulus measured before 2004 Mid-Niigata earthquake. Although we do not have measurements with higher strains (γ > 0:004), the modulus degradation and damping ratio curves generally follow typical values for generic clay sites (Vucetic and Dobry, 1991; Electric Power Research Institute [EPRI], 1993) . As mentioned before, the degree of soil nonlinearity depends both on the material properties and the ground-motion characteristics, namely the amplitude and frequency content (e.g., Hartzell, 1998; Assimaki et al., 2008) . Although strong shaking causes physical changes and temporal variations of the material properties under the NIGH06 site, the event intervals are well beyond the maximum recovery time of ∼150 sec (Fig. 6b) . Hence, the material properties at site NIGH06 are almost recovered to the level before the mainshock when the next event occurs and could be considered as near identical for all the events analyzed in this study. Therefore, assuming that the site conditions are practically identical for all events investigated, we suggest that the observed variation in the degree of nonlinearity for the Mid-Niigata mainshock and aftershocks is likely caused by variations in the amplitude and/or frequency content of the input ground motions.
In this study, we found that the coseismic peak frequency drops, peak spectral ratio drops, and the postseismic recovery time increases as the PGV increases from ∼5 cm=sec or the PGA increases from ∼100 Gal. Our observations are generally consistent with the 100-200 Gal PGA (Vucetic and Dobry, 1991) and the typical range of damping ratio for clay (EPRI, 1993) , respectively.
threshold for soil nonlinearity inferred from previous studies (e.g., Beresnev and Wen, 1996) , indicating that input ground motion at a given site plays an important role in controlling the degree of the soil nonlinearity and the recovery process. However, nonlinear effects have been identified in laboratory studies of geomaterials under strains as low as 10 8 (TenCate et al., 2004) and also in situ for a site under PGA of ∼35 Gal (J. Rubinstein, unpublished manuscript, 2009) . We note that the resolution of the recovery time in this study is somewhat limited by the 10-sec window, so the subtle nonlinearity and recovery associated with small events (i.e., PGA less than 100 Gal) could be buried under the averaging effects. Reducing the sliding-window size to smaller values would help to detect the subtle nonlinear site response associated with smaller input ground motions (e.g., J. Rubinstein, unpublished manuscript, 2009) .
Recently Lyakhovsky et al. (2009) performed theoretical analyses and numerical simulations of the systematic shift of resonance frequencies based on the nonlinear continuum damage model. They found that under a constant material damage, the shift of the resonance frequency with increasing ground motion is only a few percent. However, for increasing material damage, the resonance frequency shift may reach to tens of percent. Here we observed large changes (30%-70%) in peak frequencies associated with the strong ground motions of the Mid-Niigata mainshock and its large aftershocks. Such a large change in the peak (resonance) frequencies suggests that the increasing ground motion with a constant level of damage itself cannot explain the observed features alone, and an increasing material damage in the near-surface layer is needed. This is also consistent with the observations that soft and unconsolidated near-surface sediments are more susceptible to damages caused by strong shaking, resulting in nonlinear site effects and postseismic recoveries (e.g., Rubinstein and Beroza, 2005; Sawazaki et al., 2009) . We note that the maximum time scale of recovery in this study is around 150 sec, which also corresponds to the maximum PGV observed during the Mid-Niigata mainshock. However, such a time scale is still several orders of magnitudes smaller than those measured at other KiKnet sites in Japan (Sawazaki et al., 2006 (Sawazaki et al., , 2009 and along the North Anatolian fault in Turkey (Wu et al., 2009 ), indicating that different site conditions may cause a larger variability (at least in the postseismic recovery) than the input ground motion at a given site.
So far the mechanisms and the controlling parameters for temporal changes in the near-surface layers and the time scale of recovery are still under investigation. Logarithmic recovery of material damage has been observed by previous studies (e.g., Schaff and Beroza, 2004; Peng and Ben-Zion, 2006; Sawazaki et al., 2006; Wu et al., 2009) , and fluid diffusion is suggested to play an important role in the recovery process. Although there is no direct evidence, if the assumption of fluid diffusion holds in our case, the recovery rate would be mainly controlled by the permeability of the site, which could also be associated with amplitude of seismic waves (e.g., Rubinstein and Beroza, 2005; Elkhoury et al., 2006) . On the other hand, laboratory studies also found logarithmic recovery under normal stress due to increasing contact area of crack surfaces or grains for geomaterial and sedimentary rocks (Marone, 1998; Vakhnenko et al., 2005) . Because we did not observe a clear relationship between apparent recovery speed and PGV (Fig. 6c and f) , it is likely that the recovery process is much more complicated than a simple process that is solely controlled by the input ground motion. To clarify the physical processes of the recovery, in situ measurements of the pore pressures are necessary, and seismic inversion of time-and depth-dependent site properties would also be very helpful (Assimaki et al., 2008; Sawazaki et al., 2009 ).
Data and Resources
Seismograms used in this study were collected by the Japanese Digital Strong-Motion Seismograph Network KiK-net. Data can be obtained from the KiK-net Web site http://www.kik.bosai.go.jp/kik/index_en.shtml (last accessed August 2008), which also contains additional details regarding the network and site conditions.
